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Abstract 
Several hundreds of mitochondrial proteins are nuclear encoded and are synthesised on cytosolic polyribosomes a precursor proteins. 
Most of these precursors contain an N-terminal extension called presequence which functions as targeting signal and which is cleaved off 
after import. Despite the fact that there are no sequence similarities and no consensus for the cleavage site in mitochondrial presequences, 
cleavage of almost all presequences i  catalysed by a single, highly specific metalloendopeptidase, called general mitochondrial 
processing peptidase (MPP). MPP in plants is integrated into the bc 1 complex of the respiratory chain and both subunits, a-MPP and 
[3-MPP, are identical to the core proteins of the complex. Despite the fact that the bc 1 complex in plants is bifunctional, catalysing both 
electron transport and protein processing, these two functions are distinct. MPP belongs to the Pitrilysin family of peptidases, 
characterised by a zinc binding motif, HXXEH74_76E, involved in catalysis. Both the membrane-bound i tegrated MPP/bc I complex of 
plants and the soluble mammalian MPP recognise similar higher-order structural elements upstream from the cleavage site that are 
important for processing. The secondary structure with flexibility and stabilising elements, hydrofobicity, charge and length seem to 
influence the interaction with MPP. The newly imported non-assembled precursor inside mitochondria s degraded by a proteinase that is 
distinct from MPP or any other previously characterised proteinases, a novel ATP-dependent, membrane-associated s rine-type 
proteinase. 
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1. Mitochondrial protein import 
Genetic information in plants is localised in three com- 
partments, in the nucleus, mitochondria nd in the chloro- 
plasts. The coding capacity of the mitochondrial and 
chioroplastic genomes is very limited and most of the 
proteins of these organelles are nuclear encoded and syn- 
thesised on cytosolic polyribosomes. Biogenesis of a func- 
tional organelle requires therefore co-operation between 
the nuclear and the organellar genetic systems and specific 
intracellular protein trafficking and organellar import ma- 
chineries. 
The mitochondrial protein import process is a multi-step 
process including the following events: 
(i) Synthesis in the cytosol of the precursor protein 
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containing an N-terminal extension called presequence that 
functions as organellar sorting and targeting signal, 
(ii) Interaction of the newly synthesised precursor with 
cytosolic chaperones and other factors, in order to maintain 
import competent unfolded conformation on the precursor 
and to facilitate recognition and prevent organellar missort- 
ing. 
(iii) Recognition of the precursor on the organellar 
membrane ither by direct interaction of the presequence 
with organellar eceptors or by interaction of the prese- 
quence bound to cytosolic chaperones. 
(iv) Translocation of the precursor through the organel- 
lar membranes. 
(v) Proteolytic processing of the precursor inside mito- 
chondria by a highly specific mitochondrial processing 
peptidase. 
(vi) Assembly of the mature form of the protein into a 
functional, oligomeric protein complex in a process involv- 
ing organellar chaperones. 
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The mitochondrial protein import process has been 
studied very extensively during the past two decades, 
especially in fungi, and resulted in characterisation of
many signal peptides, protein translocating machineries on 
the outer and inner membrane and involvement of both 
cytosolic and organeller chaperones in the process of 
transport [1,2]. Although less information is available on 
the mitochondrial protein import in plants, several new and 
unique findings have been reported in the last few years. In 
the present review we will concentrate on studies of the 
mitochondrial processing peptidase (MPP) in plants, the 
enzyme that cleaves off the presequences after import into 
mitochondria nd that has been shown in plants to be 
integrated into the bc I complex of the respiratory chain. 
We will also briefly discuss fate of the newly imported, 
non-assembled precursor inside mitochondria nd finding 
of a novel ATP-dependent membrane-associated s rine- 
type proteinase. 
2. Proteolytic events inside mitochondria - -  precursor 
processing and ATP-dependent degradation of non-as- 
sembled precursors 
Most of the newly imported mitochondrial precursor 
proteins are cleaved to mature form in a single proteolytic 
event by a metalloendopeptidase called general mitochon- 
drial processing peptidase (MPP). MPP was initially puri- 
fied from Neurospora  crassa [3], Saccharomyces  cere- 
visiae [4] and rat liver [5]. MPP has been shown to consist 
of two structurally related subunits that co-operate in 
processing, e~-MPP and [3-MPP. Both subunits were shown 
to be matrix proteins, except for I3-MPP from N. crassa 
which is identical to the core l subunit of the bc ~ complex 
of the respiratory chain [6] and is partially localised in the 
mitochondrial inner membrane. In yeast and rat liver, 
I3-MPP shows sequence similarity but not identity to the 
corresponding core 1 proteins [6]. 
Some mitochondrial precursors are cleaved to mature 
form in two sequential steps involving another matrix 
peptidase, mitochondrial intermediate peptidase (MIP) [7]. 
In this case, the precursors are initially processed to the 
intermediate form by MPP. Subsequently, MIP removes 
eight amino acids (octapeptide) from the N-terminus of the 
intermediate form resulting in production of the mature 
form. Import of some proteins destined to the mitochon- 
drial intermembrane space also involves two proteolytic 
steps. The matrix targeting signal is first removed by MPP, 
followed by cleavage of the intermembrane targeting sig- 
nal by the inner membrane peptidase (IMP) which is 
located in the inner membrane [8]. 
Non-processed or processed and non-assembled newly 
imported proteins are degraded inside the mitochondria. 
This type of proteolysis has been shown to be dependent 
on ATP. A proteinase related to E. coli La / lon  pro- 
teinase, called PIM, has been characterised in yeast [9] and 
mammalian mitochondria [10]. PIM is located in the ma- 
trix. Furthermore, membrane-bound ATP-dependent pro- 
teinases, homologs to the bacterial FtsH proteinase called 
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Fig. 1. Schematic view of the bifunctional role of the integrated MPP/bc i complex inplants. The MPP/bc i complex inplants is involved both in electron 
transport and in precursor p ocessing. Numbers efer to complex I, II, III, and 1V of the respiratory chain. Q refers to coenzyme Q.TOM and T1M stand 
for translocase of the outer membrane and translocase of the inner membrane, r spectively. 
E. Glaser et al. / Biochimica et Biophysica Acta 1275 (1996) 33-37 35 
Yme 1 [l l] and Yta 10p [12] and an integral membrane 
proteinase [13] have been found in yeast. These proteinases 
have been shown to degrade organellar-encoded proteins. 
3. MPP in plants is integrated into the bc t complex of 
the respiratory chain 
Studies of the plant mitochondrial processing system 
have demonstrated that in contrast o non-plant sources, 
the general processing activity is membrane-bound [14]. 
Fractionation of the mitochondrial membranes of potato 
and spinach by distinct chromatographic procedures re- 
vealed that the processing activity was totally integrated 
into the bc~ complex of the respiratory chain [15-18] (Fig. 
1). Subunits identified as core proteins of the bc~ complex 
in plants were shown to be immunologically related to 
MPP subunits from other sources [18]. Comparison of 
amino-acid sequences of the potato Core proteins with 
sequences of MPP subunits from non-plant sources by 
Schmitz and coworkers [17] showed 40-50% sequence 
similarity. Furthermore, a bipartite structure with a hy- 
drophilic N-terminus and a hydrophobic C-terminus and 
hydrophobicity profiles of the potato core proteins upport 
identity of the core proteins with MPP subunits [15,17]. 
Based on sequence similarity studies, the two proteins of 
the general processing peptidase, ot-MPP and [3-MPP and 
the core proteins of the bc~ complex can be grouped as a 
new family of proteins involved in both bioenergetics and 
biogenesis of the mitochondrion. 
4. Characterisation of the bifunctional integrated MPP 
/ bc i complex in plants 
The purified MPP/bcl complex from spinach consists 
of 10 subunits as revealed by SDS-PAGE, corresponding 
to core proteins (61, 54 and 52 kDa), cytochrome c~ (34 
kDa), cytochrome b (32 kDa), FeS Rieske protein (26 
kDa) and 4 small subunits (15, 12, 11 and 10 kDa). The 61 
kDa protein corresponds to core 1 protein, whereas the 54 
and 52 kDa proteins represent isoforms corresponding to
core 2 protein. It is unclear whether both isoforms of the 
core 2 protein are present in each monomer of the bc~ 
complex. The MPP/bCl complex has a molecular mass of 
550 kDa, which corresponds to a dimer [19]. Increased 
ionic strength results in partial dissociation of the dimer as 
well as loss of the processing activity, indicating that 
dimer is a functional unit. Micellar concentrations of non- 
ionic and zwitterionic detergents stimulate the activity by 
decreasing temperature optimum of the processing reac- 
tion, whereas anionic detergents otally suppress the activ- 
ity. As a consequence of integration into the oligomeric 
protein complex, MPP in plants is very stable and fully 
active over a broad range of pH and temperature [14,17]. 
The processing activity is not inhibited by serine-, aspartic- 
Table I 
Characteristics of the spinach leaf mitochondrial 
(MPP) and the ATP-dependent proteinase 
processing peptidase 
Mitochondrial processing ATP-dependent 
peptidase (MPP) proteinase 
Localisation inner membrane - - inner membrane - -
integrated loosely associated 
into bc i complex 
ATP-dependeuce - + 
Serine-type proteinase - + 
Metalloproteinase + 
Sensitivity to: 
Thiol-group reagents 
Heroin 
Vanadate 
Salt 
pH optimum 
Temp. optimum 
-- + 
+ 
+ n.d. 
5<pH<l l  n.d. 
10°C < T < 50°C 15°C < T 
or thiol-group roteinase inhibitors, however, interestingly, 
it is inhibited by heroin, a potent regulator of mitochon- 
drial and cytosolic biogenesis and inhibitor of proteosomal 
degradation (see Table 1). 
MPP is a metalloendopeptidase. Th  processing activity 
of the isolated MPP/bc~ complex from spinach is not 
dependent on addition of metals but it stimulated by 
divalent ions of Mn, Ca and Mg [14,20]. Zn and Cu inhibit 
the processing activity. It is not known what metal is 
involved in catalysis but it is known that the native metal 
can be replaced by a number of other metals rendering an 
active processing peptidase [20]. Direct measurements of 
the metal content in spinach MPP/bc 1 complex using 
particle induced X-ray emission (PIXE), revealed presence 
of Zn, Cu and Ca beside Fe [20]. MPP and also the core 
proteins of the bc ~ complex have been shown by sequence 
similarity to belong to the same metalloendopeptidase 
family as the insulinases and the procaryotic pitrilysins, 
characterised by presence of a potential Zn binding motif 
HXXEH74 76E. The motif is conserved in the N-terminal 
domain in all 13-MPP proteins, but degenerative in the 
o~-MPP proteins [21]. Individual mutations of His and Glu 
residues in rat [3-MPP to Arg and Gln, respectively, re- 
sulted in the complete loss of processing activity, showing 
that the HXXEH region is indeed involved in the function 
of the active site and that [3-MPP is the catalytic subunit 
[22]. 
5. Protein processing eatalysed by integrated MPP/bc l  
complex in plants is not dependent on respiration 
The bifunctionality of the bc~ complex of plants, cat- 
alyzing both electron transfer and protein processing raises 
questions concerning correlation between the electron 
transport and protein processing. The processing activity of 
the isolated MPP/bc~ complex could be inhibited to ap- 
prox. 50% by inhibitors of electron transport through the 
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complex, antimycin A and myxothiazol. The inhibition 
was, however, not correlated to inhibition of electron 
transport [18,20]. Measurements of the processing activity 
at different redox states of the bc t complex under condi- 
tions of active turnover show that despite bifunctionality of 
the MPP/bc~ complex, there is no correlation between 
electron transfer and protein processing [20]. Partial inhibi- 
tion of the processing activity by reducing agents probably 
reflects reduction of ligands involved in metal chelation 
within the complex leading to loss of the endogenous 
metal involved in catalysis and subsequent loss of process- 
ing activity. Inhibition may also be due to reduction of 
disulfide bonds which are important for a functional con- 
formation of the complex [20]. 
6. Recognition of the processing site by MPP 
MPP is unique among endopeptidases because it acts on 
hundreds of precursor proteins, yet removes the prese- 
quence in a single and specific cleavage reaction. What are 
the structural features which are recognised by MPP? MPP 
cleavage motifs containing Arg at -2  or -3  position 
have been suggested [23], however, there are several pre- 
cursors which do not contain such a motif and some in 
which this motif occurs several times N-terminal of the 
MPP cleavage site, but is not used. Therefore, it has been 
proposed that MPP recognises a higher order structure in 
conjunction with basic amino acids [24,25]. Recent studies 
of Weiner and colleagues [26,27] using rat MPP and 
precursor of aldehyde dehydrogenase (ALDH), rhodanese 
and thiolase, indicate the requirement of a flexible helix 
with Pro and Gly, in combination with proper charge 
distribution for MPP recognition. Our studies with spinach 
MPP/bc~ complex and synthetic peptides derived from the 
presequence of the N. plumbaginifolia Ft13 indicate that 
MPP recognises an a-helical element at the C-terminal 
part of the presequence [28]. This helical element breaks 
via a Pro into a 13-sheet. We have compared the substrate 
specificity of the spinach leaf MPP/bc~ with rat MPP. In 
vitro synthesized cleavable precursors of plant F~ 13 and rat 
ALDH were cleaved to mature form by both spinach and 
rat MPP, whereas, non-cleavable precursors, a form of 
ALDH which lacks the RGP linker connecting two helices 
in the presequence, rhodanese and thiolase were not pro- 
cessed by the plant or mammalian MPP. Addition of a 
typical MPP cleavage motif, RXY S to rhodanese and 
thiolase resulted in processing of the rhodanase but not the 
thiolase construct [27,29]. Also, a peptide derived from the 
presequence of rat ALDH was a potent inhibitor of the 
spinach and rat MPP, whereas the nonprocessed signal 
peptides had little inhibitory effect on either MPP [29]. 
These results show that similar higher-order structural 
elements upstream from the cleavage site are important for 
processing by both the membrane-bound plant MPP and 
the soluble mammalian MPP. These structural elements 
include presence of a flexible helix in combination with 
the cleavage site [29]. 
7. ATP-dependent proteolytic degradation of non-as- 
sembled precursor by a novel membrane-associated 
serine-type proteinase 
What is the fate of the newly imported precursor protein 
inside mitochondria? Chase experiments, in which the 
precursor of N. plumbaginifolia F l l  3 was imported into 
spinach mitochondria revealed that the non-assembled pre- 
cursor or the non-assembled mature form were degraded 
[30]. The proteolytic activity was found to be ATP-depen- 
dent and was partially inhibited by metal chelators, 
sulfhydryl group reagent and also by serine-type proteinase 
inhibitors (see Table 1). In contrast o La/lon and Ytal0p 
proteinases [ 10,12], the plant mitochondrial proteinase was 
not inhibited by hemin or vanadate. The ATP-dependent 
degradative activity was associated with the mitochondrial 
membranes in a rather loosely manner but was capable to 
degrade precursor which was either attached to the mem- 
brane or soluble in the matrix. Comparison of the charac- 
teristics of the spinach ATP-dependent proteolytic activity 
with previously characterised ATP-dependent proteinases 
in yeasts indicate that the spinach proteinase is a novel 
type proteinase. This proteinase is membrane-associated 
serine-type proteinase that is capable of degrading newly 
imported non-assembled proteins [30]. 
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